Here, we obtain nanostructured bcc-CrNx films, with 0.04 ≤ x ≤ 0.06, which have atomically-smooth surfaces using high-power pulsed magnetron sputtering (HIPIMS) 11, 12 with synchronized metal-ion, rather than gas-ion, irradiation, a technique previously developed by our group. 13 Surprisingly, the films have the characteristics of both metals (bcc-Cr crystal structure, electrical resistivity, and toughness) and ceramics (high hardness, 3× larger than Cr).
HIPIMS is a particularly attractive technique for the growth of TMN layers due to the time separation between metal-and gas-ion fluxes incident at the substrate. 14 Figure 1( (Figure 1(b) ), which together account for 82% of the total ion flux over this interval. Thus, by synchronizing the substrate bias pulse Vs to the 50-µs-long metal-ion-rich portion of the HIPIMS pulse we select predominantly metal ions arriving at the growth surface.
Throughout the rest of the pulse, gas ions arrive at the substrate with the floating potential, 15 Vf = -10 V, which is below the lattice-atom displacement threshold. This is in contrast to conventional DCMS, in which Vs is constant and predominantly accelerates gas ions, with metals ions only in the few-percent range. The mean energy of ions incident at the growing film is 16] , in which 0 denotes the average energy of ions entering the anode sheath (a few eV), n accounts for the charge state of the ion, and Vpl is the plasma potential (∼10 V).
Based upon measured 0 values and the applied bias, Vs = 150 V, used in the present experiments, we estimate + = 160 eV and 2+ = 335 eV.
Employing metal-ion irradiation provides a unique kinetic pathway for controlling film growth. 17, 18 Accelerated metal ions are incorporated as film constituents; thus, bombardmentinduced residual lattice damage is reduced, resulting in lowered film stress as compared to conventional sputter deposition with rare-gas ion bombardment. 19, 20 Plan-view transition electron microscopy (TEM), cross-sectional TEM (XTEM), and scanning electron microscopy (XSEM) images in Figure 2 is also identical to that of bcc-Cr. This is expected, however, because of the dilute N concentration.
Energy-dispersive x-ray mapping of plan-view and XTEM samples (not shown) reveals no evidence of N grain boundary segregation. In addition, the surface roughness decreases from 48 Å for metallic Cr to 2.6 Å for CrN0.05. Thus, CrN0.05 is essentially atomically flat, which is remarkable for 2-µm-thick polycrystalline layers.
The dramatic change in the CrNx film nanostructure upon incorporation of only 5 at% N also results in an unexpected combination of film properties. Figure 3 shows that H increases nearly three-fold, from 9.5 GPa for metallic Cr films to 26.3 GPa for CrN0.05. The latter value is essentially equal to that of stoichiometric Cr2N and CrN. 24 Simultaneously, the low N (Fig. 4(c) ) exhibit severe cracking, characteristic of brittle ceramics, cracks are not observed in Cr (Fig.4(a) ), which instead exhibit material pile-up along indent edges, typical of plastic flow in ductile materials. Similarly, no cracks are present in the CrN0.05 indents (Fig. 4(b) ). This, together with the hardness data, indicates that the nanocrystalline CrN0.05 films combine the ductility of metallic films with the hardness of ceramic layers.
In order to explain the formation of hard, yet tough, bcc-CrNx (0.04 ≤ x ≤ 0.26) nanocrystalline films in a growth parameter space not previously accessed, the differences in nanostructure evolution between conventional DCMS deposition and film growth with synchronized-bias HIPIMS metal-ion bombardment have to be considered. For DCMS deposition of pure Cr at room temperature (RT) to several hundred °C, surface diffusion is active and results in competitive V-shape columnar growth with local epitaxy on individual columns which develop faceted, rough surfaces. 7 Introducing a small fraction of N2 in the DCMS discharge results in the incorporation of randomly-dispersed N in the bcc-Cr matrix giving rise, in turn, to a limited degree 7 7 of solid-solution hardening. 10 When bias is applied during DCMS deposition, the growing film surface is exposed to gas ion bombardment which leads to Ar incorporation in interstitial sites resulting in compressive stress 25, 26 of several GPa, while HIPIMS-deposited CrN with constant DC bias exhibits significantly higher stresses of 8-9 GPa. 27 In the HIPIMS experiments described here, we apply substrate bias only during the metalrich phase of the HIPIMS pulses. Thus, ion assistance during film growth is controlled by Cr ions Fig. 1(d In summary, the film synthesis technique described here combines metal-ion-irradiation with the incorporation of small amounts, ~5 at%, of reactive gas to achieve continuous formation of dispersed Cr2N nanocrystallites within isotropic bcc-CrN0.05 nanograins. Resulting layers possess atomically-smooth surfaces and exhibit properties characteristics of both metals (bcc-Cr crystal structure, electrical resistivity, and toughness) and ceramics (high hardness). The discovery of this unique nanostructure points the way toward a new generation of transition-metal-based multifunctional thin films for diverse applications ranging from diffusion barriers to low-friction, wear-, and corrosion-resistant coatings. 
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